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Crystallographic evidence for substrate ring distortion and
protein conformational changes during catalysis in
cellobiohydrolase Cel6A from Trichoderma reesei
Jin-yu Zou1, Gerard J Kleywegt1, Jerry Ståhlberg1†, Hugues Driguez2,
Wim Nerinckx3, Marc Claeyssens3, Anu Koivula4, Tuula T Teeri4‡
and T Alwyn Jones1*
Background: Cel6A is one of the two cellobiohydrolases produced by
Trichoderma reesei. The catalytic core has a structure that is a variation of the
classic TIM barrel. The active site is located inside a tunnel, the roof of which is
formed mainly by a pair of loops.
Results: We describe three new ligand complexes. One is the structure of the
wild-type enzyme in complex with a nonhydrolysable cello-oligosaccharide,
methyl 4-S-β-cellobiosyl-4-thio-β-cellobioside (Glc)2-S-(Glc)2, which differs from
a cellotetraose in the nature of the central glycosidic linkage where a sulphur
atom replaces an oxygen atom. The second structure is a mutant, Y169F, in
complex with the same ligand, and the third is the wild-type enzyme in complex
with m-iodobenzyl β-D-glucopyranosyl-β(1,4)-D-xylopyranoside (IBXG).
Conclusions: The (Glc)2-S-(Glc)2 ligand binds in the –2 to +2 sites in both the
wild-type and mutant enzymes. The glucosyl unit in the –1 site is distorted from
the usual chair conformation in both structures. The IBXG ligand binds in the
–2 to +1 sites, with the xylosyl unit in the –1 site where it adopts the
energetically favourable chair conformation. The –1 site glucosyl of the
(Glc)2-S-(Glc)2 ligand is unable to take on this conformation because of steric
clashes with the protein. The crystallographic results show that one of the
tunnel-forming loops in Cel6A is sensitive to modifications at the active site, and
is able to take on a number of different conformations. One of the
conformational changes disrupts a set of interactions at the active site that we
propose is an integral part of the reaction mechanism. 
Introduction
Much of the organic material on the surface of the earth is
stored in the form of cellulose. Cellulose is a simple,
linear polymer built up from glucosyl units connected by
β(1–4) linkages. These linear chains can vary in length,
and often consist of many thousands of units. Within the
biosphere, there is an enormous turnover of cellulose
through large-scale production and degradation. Many
bacteria and fungi have developed mechanisms to break
down this complex substrate, usually by the production of
a ‘soup’ of different enzymes. Acting together, these
enzymes are able to convert an insoluble polymer into a
simple energy source, glucose. Cellulases and other gly-
cosyl hydrolases have been classified into a number of
different families on the basis of their sequences [1].
Because of their central importance in the breakdown of
biomass, the cellulases have been the subject of many
investigations and structures have now been determined
for representatives of many families [2]. 
The soft rot fungus Trichoderma reesei has been studied
extensively, and is a very efficient producer of cellulase
enzymes [3]. This fungus produces a number of endoglu-
canases that are able to cut cellulose at accessible points
along its length, and two cellobiohydrolases (CBHs) that
are thought to act at the ends of cellulose chains [4]. One
of these cellobiohydrolases, Cel6A (formerly called
CBH II [5]) was the first cellulase for which a three-
dimensional structure could be determined [6]. By
solving the structures of a number of inhibitor and ligand
complexes it was possible to locate the active site and to
identify the residues that are most likely to be directly
involved in catalysis. The major surprise, however, was
the fact that the active site was located inside a tunnel,
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the roof of which is formed mainly by a pair of loops.
The shape of this tunnel suggested that a cellulose chain
could be threaded into the active site where the reduced
space would limit the ability of the substrate to reorient.
Registry between the catalytic machinery and a
hydrolysable bond would occur every two glucosyl units,
yielding cellobiose as the reaction product. For the
related family 6 endoglucanases structure–sequence
alignment suggested that the two tunnel-forming loops
would be absent. This would result in a more open active
site, enabling these enzymes to act at accessible points
along the length of cellulose chains. This hypothesis was
confirmed by the structure determination of a related
endoglucanase, E2 from Thermomonosporum fusca [7]. It
has also been experimentally confirmed for Cellulomonas
fimi Cbh A where, after the deletion of one of the tunnel-
forming loops, the mutant enzyme showed enhanced
endoglucanase activity [8]. That the hypothesis is more
general and applicable to other cellulase families has
been confirmed for the other cellobiohydrolase of
T. reesei, Cel7A [9], and its related endoglucanase Cel7B
[10]. Again, the cellobiohydrolase contained a long
tunnel formed by extensive loops that were absent or
much reduced in length in the related endoglucanase.
In order to obtain a more detailed understanding of the
enzymatic mechanism of Cel6A, we have carried out an
extensive structure–function–activity analysis on the cat-
alytic core of wild-type (WT) and mutant enzymes. Here,
we present structural data confirming that the tunnel
creates binding sites for four glucosyl units (numbered
from –2 to +2). We show that the –1 site is designed to
destabilise the usual glucosyl chair conformation, and that
one of the tunnel-forming loops is capable of undergoing
a major conformational change. This conformational
change may trigger the enzymatic process and/or may be
responsible for the threading action that pulls the cellu-
lose chain through the tunnel.
Results
Cel6A Structure
The structure of Cel6A [6] is a variant of the classical TIM
α/β fold. Instead of having eight parallel β strands that
form a barrel, Cel6A has 7 strands. The first strand is inter-
rupted by a 20-residue α–α helix insert, and the connec-
tion between strands 6 and 7 is via another strand instead
of the usual α helix. As in all other enzymes with the TIM
topology, the active site is located at the C-terminal end of
the β barrel [11]. However, unlike all other TIM-like
structures except tryptophan synthase [12], entry to the
active site is via an enclosed tunnel, with space for the
binding of four glucosyl units. The tunnel is formed by
four of the loops that link β to α units around the barrel,
but the roof is formed mainly by two of these loops
(residues 178–182 and 396–431). The residues lining the
inside of the tunnel are involved in a complex set of
hydrogen bonds and salt-link interactions. Many of the
residues involved in these interactions are conserved in all
members of this family. Initially, we were concerned that
Asp221 was not conserved in one family member. This
later turned out to be one of many errors associated with
that particular sequence. The tunnel contains three tryp-
tophan residues and one face of each indole ring is accessi-
ble to solvent. In the middle of the tunnel, there is a pair
of interacting aspartyl residues, 175 and 221, that we sug-
gested were involved in catalysis.
Changes in the tunnel-forming loops
In Table 1 we list 14 structures of various wild-type and
mutant enzymes, in complex with a number of different
ligands and inhibitors. A Cα superposition (Figure 1) shows
that they cluster into four groups. All of these structures
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Table 1
Cel6A structures grouped according to loop changes.
Protein Chain ID Ligand Loop status Resolution (Å) R factor/Rfree Reference, PDB code
Y169F A (Glc)2-S-(Glc)2 Most closed 1.9 17.9/20.8 This work, 1QJW
Y169F B (Glc)2-S-(Glc)2 1.9 17.9/20.8 This work, 1QJW
D221A A 2.2 21.0/27.7 Koivula et al., (unpublished results)
WT2 A More open 1.8 17.6/20.7 [6]
WT2 B 1.8 17.6/20.7 [6]
WT A (Glc)2-S-(Glc)2 2.0 18.9/22.2 This work, 1QK2
WT B (Glc)2-S-(Glc)2 2.0 18.9/22.2 This work. 1QK2
D175A B 2.1 18.8/22.8 Koivula et al., (unpublished results)
Y169F A 2.0 20.9/23.2 [39], 1CB2
Y169F B 2.0 20.9/23.2 [39], 1CB2
WT B IBXG 2.1 18.1/22.1 This work, 1QK0
D221A B Even more open 2.2 21.0/27.8 Koivula et al., (unpublished results)
WT A IBXG 2.1 18.1/22.1 This work, 1QK0
D175A A Most open 2.1 18.8/22.8 Koivula et al., (unpublished results)
have been refined (or re-refined) using similar protocols.
Each structure has undergone at least one cycle of simu-
lated annealing [13], with careful use of Rfree [14] to guide
the refinement process [15], and has been rebuilt using our
suite of error detection-correction tools [16,17]. The most
relevant crystallographic and model statistics for the six
structures described in detail in this paper are shown in
Tables 2 and 3. Only ~3% of the residues are Ramachan-
dran outliers by the stringent definition of Kleywegt and
Jones [18] (Table 3).
In the largest cluster, eight of the protein molecules have
the same conformation that we have described previously
[6]. Within this group of structures, pairs can be aligned
with root mean square deviation (rmsd) values for Cα atoms
in the range of 0.2–0.3 Å, mainchain atoms in the range
0.3 Å, and all atoms in the range 0.5 Å. These differences
are at the level of the estimated accuracy of the individual
crystallographic refinements. Essentially all interactions
between protein atoms are maintained. For those structures
that contain a bound ligand, there are surprisingly few con-
formational changes in the protein. The constellations of
residues that we believe to be important for catalysis are
all closely superimposable. The carboxylates of aspartyl
residues 175 and 221 are in close contact. Furthermore, the
carboxylate of Asp175 interacts with the hydroxyl of Tyr169
and the guanidino group of Arg174. The ring of the Tyr169,
in turn, stacks on the guanidino group of Arg174 (Figure 2).
Three other structures in a second cluster can be aligned
with similar mutual deviations on Cα, mainchain and all
atoms. However, in these structures the loop connecting
the second β–α unit of the barrel (residues 178–182) has
undergone a conformational change. This loop is one of
the two that are essential in forming the unique tunnel in
Cel6A. The conformational change results in a further nar-
rowing of the tunnel, especially at the –1 site. As part of
this change, the short hydrogen bond between Asp221 and
Asp175 is maintained in the Y169F–(Glc)2-S-(Glc)2 struc-
tures, even though there are substantial changes in the
sidechain dihedral angles of Asp175. The interaction of
Asp175 with the Tyr169/Arg174 cluster, however, is
broken (Figure 3). In the D221A mutant, the sidechain
conformation of Asp175 also changes, but less than we
observe in the other structures. Other sidechains undergo
much larger changes; in particular, Ser181 is now forced to
point into the –1 site after a shift of 3.5 Å for the Cα atom
and 6.2 Å for Oγ. Three neighbouring loops undergo
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Figure 1
Superposition of 14 Cel6A structures. The
Cα traces have been coloured cyan, yellow,
magenta and green to correspond to the
clusters described in Table 1. The
(Glc)2-S-(Glc)2 ligand is included as a
reference point. Views (a) and (b) are
approximately orthogonal to each other.
Table 2
Data collection and processing statistics.
Complex Y169F–(Glc)2-S-(Glc)2 WT–(Glc)2-S-(Glc)2 WT–IBXG
Cell parameters (a,b,c,β) 48.5, 74.3, 90.7, 103.8 48.8, 74.7, 91.8, 104.1 48.5, 74.7, 91.1, 103.2
Resolution range* (Å) 47.1–1.9 (1.97–1.90) 39.8–2.0 (2.07–2.00) 44.3–2.1 (2.18–2.10)
Number of unique reflections 44,400 41,716 36,553
Average multiplicity* 2.3 (1.5) 2.9 (2.5) 3.4 (3.3)
Completeness* (%) 90.5 (64.3) 94.9 (79.2) 100 (99.9)
Rmerge*† (%) 3.7 (9.4) 6.9 (26.6) 6.1 (15.8)
<I/σI>* 17.3 (5.8) 15.1 (3.8) 16.7 (6.7)
*The values in parentheses are calculated in the indicated outer resolution shell. †Rmerge = [ΣhΣi|I–<I>|/ΣhΣiI] × 100%.
smaller changes, through rigid-body shifts that maintain
their local structure. One is the adjacent loop (225–235),
on the same side of the tunnel in the view shown in
Figure 1, whereas the others are on the other side of the
tunnel. The longest tunnel-forming loop shears, together
with the C-terminal α helix (396–447), as does the α–α
insert in the first strand of the barrel (101–131). These
motions result in atomic shifts in the range of 1–1.5 Å.
The combined conformational changes result in a pincer-
like motion of large parts of the enzyme that produces a
narrowing of the tunnel. There are essentially no signifi-
cant differences between the two sets of structures in the
rest of the protein where 239 of the 361 Cα atoms can be
aligned with rmsd values of ~0.3 Å.
In the other two clusters, the loop connecting residues
178–182 changes to make the active site more open. In
these structures, the mainchain conformations within the
loop are similar to those of the main cluster, and the
change can be described as a shear motion. In the most
open structure (molecule A of D175A), the active site is
indeed fully open as judged by the solvent-accessible
surface and will be described in more detail elsewhere
(AK et al., unpublished results).
The overall average mainchain temperature factor of the
WT–(Glc)2-S-(Glc)2 ligand structures is 16 Å2. In these
structures, the mainchain of loop 178–182 has an average
temperature factor of 37 Å2 and loop 396–431 has one of
17 Å2. In the Y169F–(Glc)2-S-(Glc)2 ligand structures, the
average mainchain temperature factor is 10 Å2, whereas
the two loops have average mainchain temperature factors
of 13 and 9 Å2, respectively. The loop 178–182 is clearly
better defined in these structures.
Ligand-binding sites
In our earlier work, we described the results of soaking a
number of nonhydrolysable cello-oligosaccharides into
Cel6A crystals [6]. This enabled us to identify four likely
binding sites for a cellulose chain threading through the
tunnel (that we labelled A–D, but following [19], we now
call –2 to +2), and to identify the residues likely to be
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Table 3
Refinement and final model statistics.
Complex Y169F–(Glc)2-S-(Glc)2 WT–(Glc)2-S-(Glc)2 WT–IBXG
Resolution range (Å) 20.0–1.9 20.0–2.0 20.0–2.1
Number of reflections 44,348 41,476 36,490
R and Rfree values (%) 17.9, 20.8 18.9, 22.2 18.1, 22.1
Number of nonhydrogen atoms 6528 6341 6276
Number of solvent waters 732 545 511
Number of glycosylation sites 18 18 18
Number of metal ions bound 4 Cd2+ none 2 Co2+
<B> protein atoms (Å2) 10.4 15.9 16.7
<B> solvent atoms (Å2) 19.3 24.2 22.9
<B> ligand atoms (Å2) 8.8 28.1 20.0
Rmsd from ideal values
Bond lengths (Å) 0.0049 0.0052 0.0052
Bond angles (º) 1.29 1.25 1.24
Ramachandran outliers (%) [18] 3.0 3.5 3.9
Figure 2
Close-up view of the –2 to +2 binding sites in the WT–(Glc)2-S-(Glc)2
structure. Only residues interacting with the ligand are included,
except for Arg353 (to illustrate the interaction of Asp401–Arg353).
Colours in the cartoon are ramped from red at the N terminus to blue
at the C terminus. Sidechain atoms are coloured golden for carbon,
blue for nitrogen and red for oxygen. In the ligand, carbons are golden,
oxygens are magenta and the linking sulphur is green. Water
molecules that make hydrogen bonds with ligand or protein atoms are
drawn as small yellow spheres.
involved in catalysis. Despite the limited resolution (two
structures at 2.5 Å, one at 2.0 Å), the nature of the ligands
allowed us to establish their directionality and to be confi-
dent of the interactions with the natural substrate in the –2
binding site. In Figures 2 and 3 we show the structure of
methyl 4-S-β-cellobiosyl-4-thio-β-cellobioside [(Glc)2-S-
(Glc)2] in complex with Cel6A. This ligand is nonhy-
drolysable, and differs from cellotetraose only in the
nature of one glycosidic linkage where a sulphur atom
replaces an oxygen atom and by an extra methyl group at
the reducing end O1 [20]. It binds in the four sites that we
predicted. Fortunately, the binding is tight enough in both
the WT and Y169F proteins to yield clear density in all
sites (Figure 4). Also, the diffraction data is at a resolution
where we can be confident of chain directionality and ori-
entation. Essentially the same ligand conformation is seen
in both complexes, and it is, therefore, not the result of a
conformational change in the protein, or of the mutation.
In the Y169F complex, the narrower tunnel results in
lower temperature factors for the ligand (Table 3). In both
structures, the glucosyl unit in the –1 site is distorted from
the energetically favoured chair conformation. Instead, it
adopts a 2SO conformation, where C1, C3, C4 and C5 are
coplanar, and C2 and O5 are above and below this plane,
respectively. Furthermore, instead of the usual up-and-
down conformation of the glucosyl linkages, the plane of
the sugar in the –1 site is almost at right angles to the
planes of the sugars in the adjoining sites, Figure 5a. The
torsion angles about the three glycosidic linkages are listed
in Table 4. The largest change from the conformations
observed in the crystal structure of cellotetraose [21], a
model for cellulose II, concerns the φ and ψ torsion angles
for the –2/–1 linkage (differing by ~22° and 55°, respec-
tively) and the φ torsion angle for the –1/–2 linkage (differ-
ing by ~–45°). In Figure 5a, we have superimposed the
cellotetraose structure on the (Glc)2-S-(Glc)2 ligand using
the ring atoms for glucosyl units in the –2, +1 and +2
binding sites. They align with an rmsd of only 0.5 Å, but
the glucosyl unit in the –1 site is remarkably different.
The intraglucosyl hydrogen bonds normally associated
with type II cellulose (O3i–O5i+1, O3i–O6i+1) are main-
tained by the glucosyl rings in the +1/+2 linkage only.
The density for m-iodobenzyl β-D-glucopyranosyl-β(1,4)-
D-xylopyranoside (IBXG) in complex with the WT
enzyme is equally good (Figure 4), as is the resolution
(Table 2). The glucosyl moiety binds in the –2 site, the
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Figure 3
Close-up view of the –2 to +2 binding sites in the Y169F–(Glc)2-S-
(Glc)2 structure. The same colouring scheme as in Figure 2 has been
used. Although the Asp175–Asp221 interaction is maintained, the
interaction of Asp175 with the Arg174/Tyr169 group is broken. Note
also the bridging water molecules between Ser181 and Asp175. Only
Ser181 from the loop that undergoes the conformational change is
included in the figure.
Figure 4
Electron densities for the three ligands. The red densities in the –1
sites are the result of simulated-annealing omit-map calculations
where the relevant oligosaccharide is omitted from the refinement. The
black densities are Sigma A weighted maps, contoured at 1σ. The
structures shown are: (a) WT–(Glc)2-S-(Glc)2, (b) Y169F–(Glc)2-S-
(Glc)2, and (c) WT–IBXG.
xylosyl unit in the –1 site, and the aromatic group in the
+1 site. The overlay of this ligand with (Glc)2-S-(Glc)2
shows that the structures in the –2 and –1 sites are similar.
The xylosyl unit, however, adopts the energetically
favourable 4C1 chair conformation. A xylosyl differs from a
glucosyl unit by the absence of a hydroxymethyl group at
the C5 atom. If we model such a group on the observed
xylose structure, a severe clash with the sidechain of
Tyr169 occurs (three contacts of ~2.4 Å from C6, and
similar distances, or shorter, from O6) (Figure 5b). In the
(Glc)2-S-(Glc)2 ligand complexes, this clash is alleviated
by the ring distortion, which allows the C6 group to lie in
an axial position relative to the ring. If we look at potential
contacts between the superimposed cellotetraose and the
protein in the –1 site, there are again numerous close con-
tacts, in particular to the sidechain of Ala304.
A comparison of the ligand-free WT structure [6] with
the WT–(Glc)2-S-(Glc)2 ligand complex reveals no
change in the overall fold of the protein (rmsd 0.3 Å for
362 Cα atoms), and only small changes in some sidechain
conformations. The sidechains making up the active site
and lining the tunnel remain essentially unchanged. The
binding sites for the four glucosyl units are, therefore,
pre-formed in the ligand-free enzyme. In the –2 binding
site, the oxygen atoms of the glucosyl unit form four
hydrogen bonds to protein atoms, and four to solvent
molecules. Although the indole ring of Trp135 makes a
significant contribution to the tunnel surface in this site,
it does not stack on either full face of the glucose ring,
but is in van der Waals contact with one edge and with
the C6 atom. In the –1 site, the protein makes two hydro-
gen bonds and two more come from solvent molecules.
There is no well-defined water molecule in the vicinity
of the C1 atom, the anomeric carbon at the site of cleav-
age. In the +1 site, the α face of the sugar stacks on the
indole ring of Trp367. There are four hydrogen bonds,
one to the protein, two to solvent molecules and two to
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Figure 5
Ligand conformations. (a) Superposition of the (Glc)2-S-(Glc)2 structure
(orange) with the small-molecule crystal structure of cellotetraose
structure (green) of Gessler et al. [21], a model for cellulose II. The
transparent surfaces are drawn through the least-squares best plane of
each glucosyl unit. Note the dramatic difference in the plane of the rings
at the –1 site. (b) Close up of the –1 site in the WT–IBXG complex.
The green glucosyl is positioned to overlap with the observed xylosyl
unit. Only contacts to the hypothetical C6 atom are drawn as the O6 is
defined by the dihedral rotation around the C5–C6 bond.
Table 4
Oligosaccharide conformations.
Y169F–(Glc)2-S-(Glc)2 Y169F–(Glc)2-S-(Glc)2 WT–(Glc)2-S-(Glc)2 WT–(Glc)2-S-(Glc)2 WT–IBXG WT–IBXG
Molecule A Molecule B Molecule A Molecule B Molecule A Molecule B
Φ,Ψ(°)
–2/–1 –72, +149 –73, +151 –77, +142 –75, +139 –85 –92
–1/+1 –139, +90 –142, +90 –125, +89 –124, +89
+1/+2 –76, +104 –76, +102 –73, +95 –75, +98
O3i–O5i+1(Å)
–2/–1 3.9 3.9 3.7 3.6 3.9 3.7
–1/+1 3.9 3.9 3.5 3.5
+1/+2 2.6 2.6 2.5 2.6
O3i–O6i+1(Å)
–2/–1 5.2 5.2 5.0 5.3 5.1 5.5
–1/+1 5.4 5.5 5.6 5.6
+1/+2 3.1 3.1 2.9 3.3
The average Φ,Ψ(°) values observed in the cellotetraose crystal structure [21] were –100,97 and –89,94 for the A and B molecules, respectively.
the +2 site sugar. The closest nonbonded contact involv-
ing the sulphur atom in the –1/+1 linkage is 3.7 Å to a
water molecule. In the +2 site, the α face of the sugar
stacks on the indole ring of Trp269, and one hydrogen
bond is formed to the protein, four to solvent molecules
and two to the –1 site sugar. 
The conformation of the ligand in the Y169F and
WT–(Glc)2-S-(Glc)2 ligand complexes is essentially iden-
tical, with an rmsd of ~0.4 Å on all atoms. As far as the
protein–ligand interactions are concerned, the main differ-
ences between the two complexes occur at the –1/+1 sites.
They arise due to differences in the constellation of
residues Asp175, Asp221, Tyr169, Arg174, and to the posi-
tion of Ser181. This results in a modification of the hydro-
gen-bonding network in the –1 site where O4 hydrogen
bonds to Ser181 Oγ instead of to a water molecule. Also, a
chain of two water molecules is formed between the
hydroxyl of Ser181 and the carboxylate of Asp175
(Figure 3). One of these forms a hydrogen bond to the
heterocyclic ring oxygen O5 in the –1 site, and is only
3.3 Å from the C1 atom of that glucosyl unit. The other
water molecule is 4.3 Å from C1 and forms a hydrogen
bond with the carboxylate of Asp175. The carboxylate of
Asp221 moves closer to the sulphur atom in the –1/+1
linkage (from 4.3 to 3.6 Å), and a hydrogen bond to the
protein is gained in the +1 site (from Oδ1 of Asp175 to
O3). The closest nonbonded contact involving the sulphur
atom is 3.1 Å to the O6 hydroxyl of the –1 glucosyl unit.
This O6 hydroxyl group has different conformations in the
two structures (Figures 2,3). Whether this is a result of the
Y→F mutation of residue 169 or of the conformational
change in the protein is unknown.
Discussion
Crystallography provides a space and time averaged view
of the molecule under study. However, in some circum-
stances it is capable of providing insights into the neigh-
bouring conformational space that the protein can sample.
For example, in some studies noncrystallographically
related molecules have shown large variations in structure
as a result of hinge-bending motions. In other studies,
local conformational changes have occurred as a result of
ligand binding, or of site-directed mutations. In our
present structural studies both effects occur, and they
reveal that one tunnel-forming loop in Cel6A is sensitive
to modifications in the active-site area. Four states have
been identified, varying from an open, almost endoglu-
canase-like active site, to a closed tunnel that more tightly
embraces the cellulose substrate. The most commonly
observed conformation forms a tunnel, but one that is
more spacious — particularly in the –1 site. The require-
ment for some flexibility in the tunnel-forming loops may
be important for the initial binding of a free cellulose
chain, and as part of the mechanism to assist in the
threading of the substrate through the tunnel following
each catalytic event. Even in the most open conformation,
however, Cel6A is not as open as the closely related
endoglucanase E2 from T. fusca. Functional studies indi-
cate that the ability of pure Cel6A to act as an endoglu-
canase is at best limited on hydroxyethyl, carboxymethyl
or crystalline cellulose substrates [22,23]. However, low
activity has been detected on unsubstituted but mixed
linked (1→3, 1→4) barley β-glucans [22,24,25]. It has
recently been shown that the homologous CBHs from
Humicola insolens are able to degrade cellotetraose with
noncarbohydrate substituents in one or both ends of the
oligosaccharide [26]. The loop movements that we
observe in the T. reesei Cel6A enzyme may be sufficient to
account for these observations, resulting in an enzyme
that would seem to possess characteristics more usually
associated with an endoglucanase. However, there is also
clear experimental evidence that on cellohexaose, as well
as on amorphous and bacterial microcrystalline cellulose
substrates, Cel6A initially produces both cellobiose and
cellotriose, but later cellobiose is the main product
[27,28]. This indicates that the enzyme can initiate the
hydrolytic process at a cellulose chain end, followed by
processive hydrolysis along the same chain, as initially
proposed by Rouvinen et al. [6]. This is easy to visualise if
a tunnel remains in place, limiting the possibility for
rearrangement of the substrate after each catalytic event.
The ability of a macromolecule to pass between two con-
formations with similar energy states is a classic way to
account for motion at the atomic level. The energy
released during hydrolysis, coupled with conformational
changes in the tunnel-forming loops, may assist in the
threading of the substrate through the active site. Indeed
Sinnott and colleagues have argued that the biological
function of Cel6A and Cel7A was not simply to hydrolyse
glycosidic bonds [29], but rather to use the free energy of
hydrolysis to disrupt crystalline cellulose.
Cel6A acts with inversion of chirality at the site of cleav-
age, producing cellobiose in the α anomer. In the mecha-
nism proposed by Koshland [30], an acidic residue should
be positioned to protonate the leaving group and a base to
activate an attacking water molecule in a concerted reac-
tion. Our first crystal structure provided the framework in
which to discuss the enzymatic activity of Cel6A and other
members of this family of glycosyl hydrolases [6]. We
identified four aspartyl residues in or near the active site
that were conserved in related enzymes and positioned to
suggest that they might be involved in catalysis. On the
basis of the local interactions, we suggested that Asp221 is
positioned to act as the proton donor, and that Asp175 acts
to raise the pKa of 221. It was more difficult to identify the
general base, and although we identified two candidates,
Asp263 and Asp401, we found neither to be totally con-
vincing in that role. These four residues have since been
replaced with alanine and glutamate residues via site-
directed mutagenesis in the related endoglucanase CenA
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from Cellulomonas fimi [31]. These studies confirm that the
residue equivalent to 221 acts as the acid, and suggest that
401 acts as the base. Further, they suggest that Asp263
also plays a role, probably serving to increase the pKa of
Asp221. On the other hand, the residue equivalent to
Asp175 did not seem to be required for catalysis on any of
the substrates tested. In a follow-up study [32], the kcat for
WT CenA was shown to depend on the presence of a pro-
tonated and a deprotonated group in the active site, as one
would expect. In contrast, the D252A mutant (the residue
equivalent to 221 in Cel6A) showed a dependence only for
a base. An equivalent analysis could not be made on the
mutant of their proposed base because the enzyme was
completely inactive. The pKas of the general acid catalyst
and base were estimated to be 5.9 and 5.7 in the free
enzyme, and somewhat higher, 6.7 and 6.3, in the sub-
strate-bound enzyme, respectively. Damude et al. [32]
argued that the increased pKas arose from the presence of
nearby negatively charged residues.
Structures have now been determined for the equivalent
Cel6A from Humicola insolens [33] and for the endoglu-
canase E2 from T. fusca [7]. These enzymes share 64% and
26% sequence identity with the T. reesei enzyme, respec-
tively, and much of the proposed catalytic machinery
seems to be structurally conserved. The residues equiva-
lent to Asp263 and Asp401 occupy the same relative posi-
tions in these two structures as in the structures we have
previously reported. There are some differences concern-
ing the residues equivalent to Asp175 and Asp221,
however. In the E2 structure, the equivalent residues take
on a different conformation from what we observe [7]. In
particular, the loop containing the residue equivalent to
Asp175 (residue 79) takes on a very different conformation
so that the carboxylate group points away from the active
site. The residue equivalent to Asp221 (residue 117) is
positioned much more like we observe in Cel6A. Interest-
ingly, after structural superposition of the proteins, one of
the carboxylate oxygen atoms of Asp117 of E2 is placed
only 2.6 Å from the sulphur atom in the Cel6A
Y169F–(Glc)2-S-(Glc)2 ligand complex. Recent mutagene-
sis and ligand-binding studies indicate, however, that a
conformational change occurs in E2 upon ligand binding.
It has been suggested that this may correspond to a read-
justment of the loop containing Asp79 into a conformation
more similar to the T. reesei structure [34,35]. In the Humi-
cola insolens enzyme structure the residue equivalent to
Asp221 takes on two conformations, one similar to our
ligand-free structure and the other like the E2 structure
[33]. A more detailed comparison cannot be made because
the coordinates are not yet available.
Our new structures are in agreement with the CenA muta-
tion studies concerning the role of Asp263. The carboxy-
late of Asp263 is ~8 Å from the linking sulphur atom of the
(Glc)2-S-(Glc)2 ligand and ~9 Å from the anomeric carbon
in the –1 site. It is, therefore, too distant to be directly
involved in catalysis but may have a more subtle effect
such as modifying the pH behaviour of the enzyme. The
identification of residue 401 as the catalytic base remains
problematic, however. Asp401 is indeed closer to the
region of interest. However, in the ligand-free and
complex structures, the carboxylate group of Asp401 inter-
acts with the guanidino group of Arg353, the hydroxyl of
Tyr306 and the mainchain nitrogen of residue 369. In
each of these interactions, the carboxylate oxygen atoms
accept hydrogen bonds. It is, therefore, likely to be in the
correct charge state to activate a water molecule, but its
suitability to become protonated is questionable. It is
clearly not in close proximity to a negatively charged
residue, in contrast to the base indicated by Damude et al.
[32]. Quite the contrary, in Cel6A and E2 this residue
interacts with a positively charged arginine residue. Fur-
thermore, in both the WT and Y169F complexes with
(Glc)2-S-(Glc)2, Asp401 does not interact with a suitably
positioned water molecule but forms a hydrogen bond
with the hydroxyl of O3 in the –1 site. Its placement rela-
tive to the face of the ring rules it out as the catalytic base
in Cel6A (Figures 2,3). It has been suggested [29] that the
enzymatic mechanism of Cel6A differs from that of other
family members. However, the initial-rate kinetic data of
Konstantinidis et al. [29] are now known to have been cor-
rupted by a 1–2% impurity of the β-flouride. When this is
selectively hydrolysed by Cel7A, kinetics consistent with
the normal resynthesis-hydrolysis mechanism are obtained
(DH Becker and ML Sinnot, unpublished results). Cel6A,
CenA and E2 are, therefore, expected to share a common
enzymatic mechanism. The assignment of residue 392 as
the base in CenA was based on the inactivity of the
D392A mutant to a number of different substrates. In
Cel6A, and we believe in CenA, such a mutation would
result in a buried arginine sidechain without a neighbour-
ing compensating negative charge. Such a breakdown in
charge complementarity can severely affect enzymatic
activity [36]. On the other hand, our structural results are
consistent with recent mutagenesis experiments of the
corresponding residue (Asp265) in E2. These studies
reveal residual activity but dramatic loss of binding [37].
In its closest approach, the carboxylate of Asp221 is 3.6 Å
from the sulphur linkage in the Y169F–(Glc)2-S-(Glc)2
ligand structure. The main interaction of this carboxylate
remains with Asp175, forming a close 2.6 Å contact with
good hydrogen-bonding geometry, and presumably one of
the carboxylates is protonated. To act as the proton donor
to the natural substrate, therefore, Asp221 needs to be even
closer to the glycolytic oxygen, and is required to break the
interaction with Asp175. Together the new structures
suggest the following scheme: The most common, ligand-
free structure exists primarily with a tunnel. Occasionally a
more open structure is possible which may facilitate the
entry of a substrate. Cellulose binds to the four sites in the
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tunnel, much like in the WT–(Glc)2-S-(Glc)2 structure.
The –1 site sugar is distorted, and Asp175/Asp221 are
locked in the Tyr169/Arg174 interaction. The close inter-
action of Asp175 with Tyr169/Arg174 maintains it in a
charged state, while Asp221 is protonated. A conforma-
tional change in the loop structure occurs, tightening the
tunnel and breaking the interaction of Asp175/221 with the
Tyr169/Arg174 group. This also results in the positioning of
a pair of water molecules close to the C1 atom of the gluco-
syl unit in the –1 site. The hydrogen bond between Asp221
and Asp175 is broken, allowing 221 to act as a proton donor
to the leaving group, and residue 175 to activate the neigh-
bouring water molecule. This water molecule is positioned
4.3 Å from C1. Whether this is close enough to attack the
anomeric carbon or if the attack is made by the more
favourably positioned water molecule requires more enzy-
matic analysis. Catalysis takes place, and the α anomer of
the cellobiose product diffuses away from the –1/–2 sites
either before or after a conformational change in the loop.
Cellulose threads further into the wider tunnel, to occupy
the four tunnel sites.
In this scheme, Tyr169 does not play a direct role. It has
been postulated on the basis of studies of the Y169F
mutant [38] that the tyrosine interacts with the glucosyl
unit in the –1 site and helps to distort the ring into a more
reactive conformation. We have now shown that there is
indeed a crowding of the –1 site, caused in part by Tyr169,
but that the glucosyl remains distorted even in the Y169F
mutant. Again, parallel experiments with the E2 enzyme
agree with this interpretation. Replacement of the corre-
sponding residue Tyr73 by a phenylalanine and a serine
resulted in progressively tighter binding and progressively
lower activity [35]. Our structures indicate that replacing
Tyr169 by a serine residue would create sufficient space
to allow a sugar in the –1 site to take on a relaxed chair
conformation. The glucosyl distortion is likely to be an
integral part of the enzymatic mechanism. This ring con-
formation ensures the anti-periplanar orientation of the
doubly occupied, nonbonding orbital on the ring oxygen
and the scissile bond. The theory of stereoelectronic
control suggests that this is required to facilitate hydrolysis
[39]. Concerning the role of Asp175, we are left to ponder
upon the activities of the corresponding mutants in CenA
and E2. Depending on the substrates, the D216A mutant
in CenA has kcat reduced 18-, 132- and 1380-fold on 2,4-
dinitrophenyl-β-D-cellobioside (DNPC), carboxymethyl
cellulose (CM-cellulose), and phosphoric acid-swollen cel-
lulose (PAS-cellulose), respectively. Similarly in E2, the
enzymatic activity of D79A is reduced 7-, 77- and 143-fold
on the same substrates. The activities measured on the
D175A mutant of T. reesei Cel6A indicate almost complete
inactivation on cellotriose and cellotetraose, while some
residual activity is detected on longer oligosaccharides and
barley β-glucan (AK et al., unpublished results). The
apparent contradiction of the kinetic and structural data
may indicate that the enzymatic mechanism is not con-
certed, or that in the mutant proteins the residue equiva-
lent to Asp221 is able to take over the role of a base. 
The distorted sugar in the –1 site does not seem to be
stabilised by widespread interactions with the protein.
Rather, the protein provides three sites that utilise
favourable glucosyl–indole ring stacking interactions, as
well as a network of hydrogen bonds, while restricting
the critical –1 site conformation to an energetically
unfavourable state. This differs from our model for cellu-
lose binding to the family 7 CBH, where we identified
similar glucosyl–indole ring interactions in the –2, +1
sites but more specific hydrogen-bonding partners to
directly stabilise the distorted glucosyl unit in the –1 site
[40]. In this family, however, the substrate-binding site is
even more extensive, stretching over a ~50 Å tunnel.
Biological implications
The Cel6A active site is designed to bind four glucosyl
units, corresponding to the –2 to +2 sites. Three of these
sites involve the interaction of a glucosyl unit with an
indole ring of a tryptophan residue, as well as a number of
protein- and solvent-mediated hydrogen bonds. The
fourth, corresponding to the critical –1 site, lacks such
well-formed sugar-binding surfaces and, furthermore,
forces the ring to take on a 2SO distorted conformation to
alleviate steric clashes with the enzyme. We identify a pair
of closely interacting aspartyl residues that we propose
constitute the main catalytic apparatus. We argue that a
residue, previously identified as the likely catalytic base, is
merely one of the residues that interacts with a cellulose
chain as it threads through the tunnel. One of the tunnel-
forming loops is sensitive to changes at the active site.
Two main conformations are described, one of which
tightens the –1 site, while the other keeps the tunnel as we
have reported previously. The conformational change dis-
rupts the interactions involving the catalytic aspartyl
residues and may assist in defining their protonation
states. As well as having a possible role in cellulose disrup-
tion, the various conformational states may assist in cellu-
lose access and threading through the active site.
Materials and methods
Crystal preparation and data collection
Crystals of the Cel6A core used in this study were prepared as
described previously [41], with small modifications. The crystals belong
to space group P21 and were grown in 20% polyethylene glycol (PEG)
6000 or polyethylene glycol monomethyl ether (mPEG) 5000, 20 mM
morpholinoethane sulphonic acid (MES) buffer (pH 6.0) at room tem-
perature. Microseeding was used to improve the quality of the crystals.
Furthermore, all crystals were grown in the presence of 10 mM divalent
metal ion, which improved both the morphology and the diffraction
pattern. Y169F crystals were grown in 10 mM CdCl2 and WT Cel6A
crystals were grown in 10 mM CoCl2. All of these crystals are essen-
tially isomorphous. The WT–IBXG and WT–(Glc)2-S-(Glc)2 crystals
were prepared by adding 0.5 µl solution containing 20 mM of the
respective ligands to the crystallisation drops after the crystals had
reached full size, making the final concentration of ligands 2.5 mM in
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the drops. These solutions were allowed to equilibrate at room temper-
ature for one and four days, respectively. The crystal of Y169F–(Glc)2-
S-(Glc)2 was obtained by soaking Y169F crystals in a solution
containing 2 mM (Glc)2-S-(Glc)2, 30% PEG 6000, 20 mM MES pH 6.0
and 10 mM CdCl2 for 20 hours. All data sets were collected at a tem-
perature of 100K. The cryoprotectant solutions contained normal pre-
cipitate and buffer plus 20% glycerol. The crystals were soaked in the
cryoprotectant solutions for less than one minute before flash freezing
in a liquid nitrogen stream. All diffraction data were measured on an
R-AXIS II image-plate scanner using CuKα radiation from a Rigaku
rotating-anode generator. All images were integrated and scaled with
the HKL program suite [42] and further processed with programs
included in the CCP4 software package [43]. The statistics for all data
sets are summarised in Table 2.
Model building and refinement
As all the crystals are essentially isomorphous, the refined coordinates
of WT Cel6A without water molecules were used as starting model for
each complex. Initially, the structures were minimised as rigid bodies
against the diffraction data sets of the complexes. This was followed by
one round of high-temperature simulated annealing, Powell minimisation
and individual B-factor refinement using X-PLOR [44]. Approximately
1300 reflections in each data set were put aside for calculating Rfree
[14]. A low-resolution cut-off of 8.0 Å was applied at this stage. The two
molecules in the asymmetric unit were restrained to have similar confor-
mations during refinement with X-PLOR. After the initial refinement with
X-PLOR, the models were subjected to manual correction using the
program O [16]. Solvent waters, glycosylation moieties, ligands and
other entities were gradually added based on (2Fo–Fc, αcalc) and (Fo–Fc,
αcalc) electron-density maps. The refinement was then continued with
alternating use of least-squares refinement with X-PLOR and manual
rebuilding with O. The program package CNS [45] with the maximum-
likelihood target function was used in the final rounds of the refinement.
With the bulk-solvent correction enabled, all the data between 20.0 Å
and the highest available resolution were used in the refinement. The
noncrystallographic-symmetry restraints on the two molecules in the
asymmetric unit were also released. The Engh & Huber [46] force-field
parameters were used throughout the refinement. For the WT–IBXG
complex, the aromatic group of the ligand takes on different conforma-
tions in the A and B molecules. In both molecules, there is a large peak
for the iodine atom and poorer density for the aromatic ring (probably
due to series termination errors). In the B molecule, however, there is a
second smaller but still large peak positioned to suggest a lower occu-
pancy molecule adopting the conformation seen in the A molecule.
Because of the limited resolution, only the iodine of the low-occupancy
molecule has been included in the final model. Refinement statistics and
final model parameters are listed in Table 3. All structural comparisons
were made within O. Hydrogen bonds were identified by visual inspec-
tion of the model, using a 3.2 Å distance cut-off. 
Accession numbers
Coordinates and structure factors have been deposited in the PDB
with accession codes 1QJW, 1QK2 and 1QK0.
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